Forward osmosis (FO) processes have recently attracted increasing attention and show great potential as a low-energy separation technology for water regeneration and seawater desalination. However, a number of challenges, such as internal concentration polarization, membrane fouling, and the tradeoff effect, limit the scaleup and industrial practicality of FO. Hence, a versatile method is needed to address these problems and fabricate ideal FO membranes. Among the many methods, incorporating polymeric FO membranes with inorganic nanomaterials is widely used and effective and is reviewed in this paper. The properties of FO membranes can be improved and meet the demands of various applications with the incorporation of nanomaterials. This review presents the actualities and advantages of organic-inorganic hybrid nanocomposite FO membranes. Nanomaterials applied in the FO field, such as carbon nanotubes, graphene oxide, halloysite nanotubes, silica and Ag nanoparticles, are classified and compared in this review. The effects of modification methods on the performance of nanocomposite FO membranes, including blending, in situ interfacial polymerization, surface grafting and layer-by-layer assembly, are also reviewed. The outlook section discusses the prospects of organicinorganic hybrid nanocomposite FO membranes and advanced nanotechnologies available for FO processes. This discussion may provide new opportunities for developing novel FO membranes with high performance.
Introduction
Forward osmosis (FO) is a promising membrane separation technology with recently expanded focus as a low energy process. 1, 2 It is a spontaneously occurring osmotic process that separates water effectively from a dissolved solute via a semipermeable membrane. Unlike conventional pressure-driven membrane processes, FO is driven by osmotic pressure between the feed solution and draw solution. 3 Without external pressure, the FO process has several unique benets, including low energy consumption, low operating cost, efficient separation and a wide range of feed solutions. [4] [5] [6] Therefore, FO is deemed to be potentially useful in various industries, such as desalination, waste water treatment, 7 food processing, medicine, and biological processes. 8, 9 A desirable FO membrane must possess high water ux and solute rejection, low concentration polarization, adequate mechanical and antifouling properties and good stability. However, some drawbacks still limit the application of FO in large scale processes. The most severe of these include: (1) internal concentration polarization (ICP); (2) membrane fouling; (3) the trade-off effect. To address these limitations, many efforts have been made to improve conventional FO membranes, among which organic-inorganic hybrid nanocomposite FO membranes are a candidate to mitigate these problems.
ICP is one of the most serious problems in FO processes; it dramatically reduces the osmotic driving force. Hence, the water ux declines and negatively affects the FO process. In order to minimize ICP, FO membranes should have low structural parameters. Hydrophilicity and wettability modications of the FO support layers are the main methods of ICP mitigation. It is assumed that a hydrophilic support layer not only promotes the transport of water and solute molecules, but also enhances the wettability of the support layer. Hence, hydrophilization of the FO support layer is an active area of membrane research. Many studies have found that the incorporation of nanomaterials can signicantly enhance the hydrophilicity of FO membranes. Also, incorporation of nanomaterials into the support layer of FO membranes promotes decrease of the structural parameter, which implies a lower ICP. Ma et al. 10 incorporated zeolite into the polysulfone support layer of an FO membrane to obtain a lower ICP. The resulting membrane had a decreased structure parameter from 0.96 mm to 0.34 mm and increased water ux. This result was attributed to the higher porosity, enhanced hydrophilicity and additional water channels supplied by the addition of porous zeolite. This was the rst study to exhibit the feasibility of employing an organic-inorganic hybrid nanocomposite FO membrane to limit ICP in the FO process. Subsequently, researchers have used multi-walled carbon nanotubes (MWCNTs) [11] [12] [13] and TiO 2 (ref. 4, 14 and 15) to control ICP in the support layers of FO membranes. The resulting nanomaterials all demonstrated decreased structure parameters. Furthermore, the support layers also showed enhanced strength and other desirable properties for FO applications.
Membrane fouling is a complex procedure which has a strong impact on the performance of membranes, especially their ltration efficiencies and service life. Among fouling factors and mechanisms, some are universal in pressure-driven membrane processes, such as hydrodynamic conditions, membrane materials, feed solution constituents and concentration polarization. Other factors are specic to FO, such as the draw solution constituents, operating orientation of the membranes, and reverse diffusion. Although the membrane fouling of FO is reversible, 16 it is still considered to be a limitation that reduces the FO ltration efficiency, particularly for wastewater purication applications without pretreatment.
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Many researchers have indicated that introducing nanomaterials into the active layer of a FO membrane will provide a smoother and more hydrophilic surface so that membrane fouling can be effectively prevented. It was discovered that with the incorporation of hydrophilic mesoporous carbons into their active layers, 18 FO membranes demonstrated increased surface hydrophilicity. A similar phenomenon was also observed by Zhao et al. 19 when they employed a hybrid nanocomposite FO membrane incorporated with MWCNTs.
The trade-off effect between permeability and selectivity is a barrier to the development of membranes. It is common knowledge that for conventional polymeric membranes, water ux and solute rejection cannot be increased simultaneously. To overcome the permeability/selectivity trade-off effect, permeability must be enhanced without sacricing solute rejection. According to the published literature, higher rejection involves a combination of steric and Donnan exclusion. 20 Also, certain elements will disrupt this effect, such as reducing polymer cross-linking, increasing the surface charge density and providing adequate nanovoids and channels. For example, zeolite molecular sieves and silica nanoparticles can provide water pathways and enhance charge density. Hence, incorporating nanomaterials will affect polymer cross-linking and also provide adequate pathways to water rather than solutes, thus overcoming the trade-off effect.
As discussed above, incorporation of inorganic nanomaterials is a versatile method to modify FO membranes which can address the main problems that restrict the development of FO. Currently, with the development of membranes in water treatment and other elds, the requirements of membrane function, such as permeability, selectivity, anti-pollution, and chemical and thermal stability, are becoming more strict. It is difficult for traditional membrane materials to meet application requirements. Therefore, researchers have begun to turn their focus to developing novel composite membranes or membrane materials with suitable properties. The treatment and purica-tion of water will benet from improving the separation efficiency of membranes, and the water supply will be enhanced with safer water sources. Since Ma et al. 21 incorporated NaY zeolite nanoparticles into a polyamide active layer in 2012, recent advances in nanotechnology have offered opportunities for the development of FO technology. Fig. 1 shows the growing trend of published papers on organic-inorganic hybrid nanocomposite FO membranes.
In this work, we review the development of organic-inorganic hybrid nanocomposite FO membranes. We discuss the available nanomaterials, properties, advantages and modica-tion methods used in the application of nanotechnology to the FO process. Diagrams of frequently used nanomaterials in the FO membrane eld are summarized and presented in Table 1 . In the last section, we list the limitations of this technique for commercialization and provide an overview of the trends in the development of nanocomposite FO membranes. By discussing these advanced technologies and the physicochemical properties of nanomaterials, this review outlines the opportunities and limitations to further capitalize on the unique properties of FO technology.
Effects of nanomodifiers on FO membrane performance
Currently, with the development of nanotechnology, many novel functional nanomaterials are being explored to enhance the performance of membranes. Employing inorganic nanomaterials with FO membranes can result in enhanced separation performance and the development of new functions, such as antisepsis and photocatalysis, that are endowed by the nanomaterials. Researchers have indicated that organic-inorganic hybrid nanocomposite membranes have signicantly higher water ux, mechanical strength, selectivity, stability and hydrophilicity compared with conventional polymeric FO membranes. [22] [23] [24] The main objectives of incorporating inorganic nanomaterials into FO membranes are obtaining ideal structures to mitigate ICP, reducing membrane fouling and overcoming the trade-off effect. The interactions between nanomaterials and polymer molecular linkers and the functional groups of nanomaterials are the major cause of enhanced performance.
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Hence, organic-inorganic hybrid nanocomposite FO membranes with comprehensive performance can replace conventional polymeric FO membranes to meet the requirements of specic application areas. Table 2 summarizes nanomaterials composited with FO membranes and the ltra-tion performance of the FO membranes.
Low-dimensional carbon-based nanomaterials
In recent years, low-dimensional carbon-based nanomaterials such as carbon nanotubes (CNTs) and graphene oxide (GO) have drawn great attention from scholars worldwide. Lowdimensional carbon-based nanomaterials with abundant oxygen functional groups and high surface areas have shown a series of unique advantages in environmental engineering, such as facile organization and hydrophilic modication. Carbon-based nanomaterials are considered to be the principal element of nanotechnology to enhance membrane performance. 50 Employing carbon-based materials in membrane preparation has recently become popular due to their unique properties, such as high specic surface area and smooth water channels. 51 2.1.1 Carbon nanotubes. Since their discovery, CNTs have gained increasing attention due to their inner hollow cavities, which are similar to aquaporins. CNTs are composed of graphite lamellae rolled into columns. [52] [53] [54] Due to their unique characteristics, such as high aspect ratios, molecularly smooth surfaces, nanoscale diameters and inner hollow cavities, CNTs are ideal candidates in various elds, [55] [56] [57] [58] particularly separation technology. Water molecules travel through the ultra-efficient molecular pipes orders of magnitude faster than through other pores of comparable size. 59 This phenomenon is mainly due to the super-hydrophobic and smooth graphitic walls of CNTs, which offer nearly frictionless pathways for water ow. When CNTs are blended into polymer membranes, the additional pathways induced by CNTs and the nanoslits between the CNTs and polymers enhance the permeability of membranes. 8 Moreover, CNTs have excellent bactericidal capabilities; they can destroy cytomembranes and disrupt the metabolic pathways of microorganisms. 60 It has been widely reported that the permeability, antifouling capacity and mechanical strength of a membrane will signicantly increase upon incorporation of CNTs. [61] [62] [63] Although their high cost limits the large scale industrialization of CNTs, it is expected that this cost will decrease as the technology matures. CNTs represent promising building blocks in a number of industrial applications in the future.
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Because CNTs show extraordinary performance and appear to be less susceptible to ICP, 65 It is worthwhile to note that the main limitation of employing CNTs in polymeric membranes is their high hydrophobicity and low solubility in solution. Hence, surface functionalization of CNTs is needed to enhance their solubility in solution. 69 Amini et al. 8 fabricated amino MWCNTs and blended them in a 1,3-phenylendiamine aqueous solution to fabricate a nanocomposite active layer. The water ux and rejection of the resulting membranes improved. With increasing concentration of functionalized MWCNTs, the surface hydrophilicity of the membranes improved in aqueous solution. Similarly, Kunli Goh et al. 3 functionalized MWCNTs with immobilized polyethyleneimine-poly(amide-imide) hollow ber membranes. The results indicated that the fabricated membranes incorporated with MWCNTs showed good properties, including enhanced water permeability without obvious impact on the rejection.
Song et al. 29 suggested a novel method to fabricate high performance FO membranes. They designed double-skinned membranes, which showed excellent solute rejection, and incorporated polydopamine with CNTs as the active layer by interfacial polymerization. They found that the CNTs had signicant effects on the characteristics of the fabricated membranes. Therefore, it can be concluded that hybrid nanocomposite membranes incorporated with CNTs have higher FO water ux and remarkable antifouling capacity compared to conventional membranes.
Entangled CNTs with high exibility 70, 71 and mechanical stiffness form a nonwoven network structure that is known as bucky-papers. Bucky-papers have high tensile moduli (over 1 GPa) 72 and porosity. 72, 73 Bucky-papers can be readily assembled and form ultrathin lamellae from any grade of CNTs. Although binders are employed to stiffen the structures of bucky-papers, the porosity is not greatly inuenced. 74 Therefore, bucky-papers have drawn a great deal of attention 75, 76 in the water separation 77 and purication 74 industries. The high compressibility 78 of bucky-papers restricts their use in reverse osmosis processes. Hence, researchers have turned their focus to FO due to the low pressures employed in this process. Dumée et al. 79 investigated a novel approach to interfacial polymerization on the surfaces of bucky-paper materials which were functionalized with hydroxyl groups. The fabricated super-porous bucky-paper membranes exhibited high hydrophilicity and excellent FO characteristics.
2.1.2 Graphene oxide. Two-dimensional GO nanosheets are a typical nanomaterial with extremely high specic surface area and atomic degree thickness.
80,81 Also, their surfaces contain abundant oxygen-containing functional groups, which can promote their interaction with polymers. Due to its unique structure and surface properties, GO is an ideal candidate for various applications.
27,82-85 Among these, membrane separation is a promising application to benet from GO. Compared with other llers, the extremely high aspect-and surface area-tovolume ratios of GO nanosheets promote better interactions with the polymer matrix. These unique dimensional and surface properties of GO nanosheets offer excellent potential for fabricating composite materials with excellent physical properties, exible chemical functionalization, strong hydrophilicity and excellent antifouling properties.
80,86-88
Studies using GO as a modier to prepare nanoltration and ultraltration hybrid nanocomposite membranes have achieved great improvements in hydrophilic and antifouling properties.
86,89-91
However, water desalination with GO-based membranes still faces challenges and remains controversial. Some researchers have reported that solute rejection of GObased membranes or reduced GO-based membranes is weak in water desalination, 80, 82, [92] [93] [94] [95] while other researchers have reported the opposite. 96, 97 This argument has limited the research and large scale development of GO-based membranes. To overcome this dilemma, Sun et al. 98 studied and revealed the mechanism behind the controversy regarding GO-based membranes in water desalination. With the aid of isotope tracer labelling and molecular dynamics studies in water and ion diffusion, they showed the excellent potential of GO-based membranes in water desalination. Fig. 2 shows schematics of the mechanisms of water desalination and photographs of GObased membranes with cross-sectional SEM images for concentration gradient-driven diffusion ( Fig. 2(A) ) and pressure-driven ltration ( Fig. 2(B) ). However, employing excess pressure will weaken the water-ion interactions with GO interlamination nanochannels and sequentially reduce the selectivity. Meanwhile, in concentration gradient-driven diffusion, GO-based membranes demonstrate intrinsic high water/ion selectivity, which conrms that GO is suitable for FO rather than pressure-driven ltration.
The potential of lamellar GO as a modication to improve the performance of FO membranes was also conrmed by Park et al. 33 They blended lamellar GO with polysulfone to obtain an organic-inorganic hybrid nanocomposite FO support layer. Subsequently, an FO membrane with high permeability and selectivity was obtained. Additionally, the lower structural parameter and higher hydrophilicity also enhanced the water permeability of the FO membrane. Later, a GO hybrid nanocomposite FO support layer was employed to improve the hydrophilicity and anti-fouling performance of a membrane. However, GO could not provide its full benets when it was buried inside the polymeric matrix. To take advantage of the excellent properties of GO, Shen et al. 34 incorporated GO nanosheets with a polyamide active layer to fabricate a hybrid nanocomposite membrane for the FO process. This method utilized very little GO while attaining excellent performance, including high separation performance and water ux and decreased fouling propensity, by simply embedding a small quantity of GO into the support layer.
Maintaining the stability of a GO hybrid nanocomposite membrane is also necessary in water purication treatment. Simple blending or coating methods to fabricate GO hybrid nanocomposite membranes carry the risk of diffusing hydrophilic lamellar GO into the hydrosphere, which can be absorbed by aquatic creatures and thereby affect human beings. Hence, researchers have made efforts to prepare GO lamellae that are strongly bound to each other and the membrane to mitigate this risk. Hanaa et al. 31 attached GO to the active layers of FO membranes through a poly L-lysine intermediary by both layer-bylayer (LbL) and hybrid graing methods. The resulting hybrid FO membranes exhibited excellent antifouling properties. These membranes killed 99% of bacteria and showed reduced permeability compared to the original membrane. For the same purpose, Hegab et al. 32 employed the bioadhesive polydopamine to immobilize GO onto the surface of FO membranes via selfassembly and oxidative polymerization methods. The fabricated membrane simultaneously possessed high permeability, high rejection and excellent antibiofouling properties.
Graphitic carbon nitride, which has a similar twodimensional laminated structure to graphene, is a derivative of GO. It possesses excellent optical and chemical properties as well as good catalytic activity 99 and thermal stability and has attracted increasing attention. Graphitic carbon nitride is a cellular structure with a plentiful curved lamellar morphology. 100 It can enhance the hydrophilicity of membranes because its nitrogen atoms can form hydrogen bonds with water molecules. Wang et al. 35 prepared graphitic carbon nitride as a modier for a porous polyethersulfone support layer of FO membranes. The results revealed that a lower structural parameter and ICP were obtained, which suggests that graphitic carbon nitride is an effective modier to enhance FO membrane performance.
Carbon nanobers (CNFs).
CNFs consist of rolled multilayer graphite sheets with diameters in the range of 10 nm to 500 nm. Due to their excellent chemical activity and electroconductivity, high tensile moduli and strength, they are useful in many elds. CNFs are a quasi-one-dimensional carbon material with similarities to both CNTs and ordinary carbon bers. Unlike CNTs or other carbon nanostructures, which have low dispersion and chemical inertness, the sidewalls of CNFs have higher chemical activity and can be readily chemically functionalized with more options. The edges of CNFs are exposed and their edge sites are active, which is benecial to the chemical functionalization of the surface of CNFs to improve their dispersibility in casting solutions. Due to their high dispersibility in polymeric matrices, CNFs are considered to be a candidate for employment in the fabrication of high-performance membranes. Zoheir Dabaghian et al. 37 synthesized a cellulose triacetate FO membrane incorporated with carboxylated CNFs via a phase inversion method. The modied membrane exhibited high water ux and low solute permeation. Tensile strength measurements conrmed that this parameter of the modied FO membrane was much higher than that of unmodied cellulose triacetate.
Nanomineral materials
Nanomineral materials, including montmorillonite, halloysite, and zeolites, are nanomaterials with enormous surface areas and porous structures. Nanomineral materials have numerous advantageous properties, such as porosity, good adsorption performance, stability, wide availability of raw materials, low cost, large specic surface area, good adsorption performance, light weight and lack of secondary pollution. Due to their unique structures and excellent properties, nanominerals are suitable for water purication. Studies revealed that the addition of nanomineral materials improves the water permeability and solute rejection of membranes, while the increased number of hydrophilic groups improves their anti-pollution properties. Dispersion of nanomineral materials is key to the preparation of thin lm nanocomposite membranes. Sufficient dispersion in the membrane increases its pore size uniformity, porosity, and water ux. Moreover, nanomineral loading can result in high porosity and ideal hydrophilicity of membranes that mitigate the negative effects of ICP, which generally inuences FO processes.
Halloysite nanotubes (HNTs)
. Alumina-silicates (also called HNTs) are nanominerals that can be obtained from natural origins and possess excellent biocompatibility. According to electric effects, HNTs exhibit dual charge functionality. Containing numerous siloxane groups, the ektexine of HNTs is negatively charged, while the endosexine is rich in hydroxyl groups and positively charged. 101 Moreover, the tubular structure and low content of hydroxyl groups on the surface of HNTs endow them with good consistency in polymeric matrices.
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Due to these interesting properties, HNTs are promising modiers in membrane separation processes. 103 The inuences of HNT incorporation on the ltration performance of FO membranes include hydrophilicity, porosity, roughness, water ux and the structural parameter. Although their structure is similar to that of CNTs, HNTs possess a unique dual charge functionality and signicantly lower cost.
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With the aim of improving membrane performance, Ghanbari et al. 38 incorporated various concentrations of HNTs into the active layer of FO membranes by in situ interfacial polymerization. The results indicated that the water ux, rejection and antifouling properties of all the fabricated hybrid nanocomposite FO membranes were better than those of the pure polymeric membrane. Subsequently, the group blended HNTs into a polysulfone support layer to study the inuence of HNTs on ICP behavior. 39 The results showed that the incorporation of HNTs in the support layer can reduce the structural parameter and mitigate ICP.
2.2.2 Boehmite. Boehmite nanoparticles, which have the chemical composition AlOOH, contain abundant hydroxyl groups on their surfaces. Studies have revealed that due to their porous and hydrophilic structure, incorporating boehmite nanoparticles can enhance the performance of membranes, such as their water ux, structural parameter and separation performance. 1, 105, 106 It was proved that 0.5 wt% capacity of boehmite nanoparticles could result in a threefold increment of water permeability and a decreased structural parameter of 0.53 mm without sacricing solution rejection compared with the original pure membrane. 1 employed boehmite to modify cellulose triacetate FO membranes. A strong interaction formed due to hydrogenic reactions between the hydroxyl groups in boehmite and cellulose triacetate, which enhanced the compatibility between the polymeric matrix and boehmite nanoparticles. Hence, the fabricated membrane gave rise to more effective water ux.
2.2.3 Silica. Silica as an inorganic additive to prepare hybrid nanocomposite membranes has a wide range of applications due to its mild reactivity, thermal resistance, convenient operation, mechanical strength, small size, nontoxic nature, strong surface energy, good suspendability in aqueous solution and environmental friendliness. [107] [108] [109] [110] Researchers testied that the incorporation of silica nanoparticles afforded polymeric membranes with enhanced mechanical strength 111-116 and thermal stability. [117] [118] [119] [120] In addition, silica nanoparticles have an impact on the polymerization reactions of the polymeric matrix.
121 This property is due to the strong interactions at the interface between the silica and the polymeric matrix 121 which is formed by the immobilized amorphous layer of polymer molecules on the silica nanoparticles. Because silica nanoparticles are smaller in size, they have better dispersion performance in solution. Silica/polyamide reverse osmosis membranes have higher water ux and rejection compared with unmodied reverse osmosis membranes, 44 which provides a good choice for FO applications. Niksefat et al. 44 fabricated polyamide nanocomposite FO membranes containing silica nanoparticles via in situ interfacial polymerization. The fabricated nanocomposite membrane exhibited greatly enhanced water permeability and solute rejection compared to the original membrane with silica loading concentrations between 0.01 and 0.1 wt%.
Novel amorphous silica nanoparticle-incorporated poly-(vinylidine uoride) electrospun nanober mats were fabricated by Obaid et al. 45 as support layers for FO membranes. The results showed that the membrane showed high salt rejection and water ux. Moreover, this formulation displayed the lowest structural parameter (S ¼ 29.7 mm), which represents approximately 69% reduction compared to the pristine membrane. Electrospinning is an excellent technology to produce nanober lms with advantages such as low tortuosity, high porosity, and low thickness. The nanober-composed scaffold structure is an ideal candidate as a support layer in FO processes; it has remarkable advantages in comparison to conventional spongelike or nger-like pore structures. Nanober lms as support layers possess unique advantages, including internally connected channels for salt and water transportation. This property can provide an excellent environment to mitigate ICP. 122 2.2.4 Zeolite. Zeolite was the rst nanomaterial to be induced into FO membranes. Before that, zeolite was frequently used as a modier in polymeric membranes for gas separation or pervaporation due to its uniform pore size distribution, channel structures and abundant negatively charged sites. The unique sub-nanometer pores of zeolites provide shape selectivity, which improves the adsorption efficiency of gas molecules. 123 Zeolite is composed of aluminosilicates, which provide negatively charged defect sites to neutralize the positive charges of protons and ultimately form Brønsted acid sites. 124 These unique characteristics have drawn the attention of researchers and demonstrate the enormous potential of zeolite in separation processes. Some types of zeolite, such as NaA, are deemed to have the highest hydrophilicities among inorganic nanomaterials. They are so stable in most aqueous and organic solvents that it is difficult to break them off from the polymeric matrix. 125 It has been testied that blending zeolite in the polyamide active layer of reverse osmosis membranes [126] [127] [128] [129] can enhance water ux without sacricing solute rejection due to the presence of abundant sub-nanometer pores which play the role of preferential ow channels. In the separation process, water molecules pass through these tiny sub-nanometer pores, which are too small for solutes to cross. 21 Therefore, incorporation of zeolite in polymeric FO membranes was demonstrated to improve their water permeability without signicant loss of salt rejection. Although zeolite hybrid nanocomposite membranes were originally produced for gas separation and reverse osmosis processes, their substantially increased water ux also suggests their usefulness in FO. Furthermore, blending zeolite into the support layer results in enhanced porosity and mitigates the ICP effect in FO processes. Ma et al. blended NaY zeolite into the polyamide active layer; the resulting FO membrane exhibited higher water permeability, possibly because of the porous structure of zeolite.
21 Subsequently, they incorporated zeolite nanoparticles into the support layer of FO membranes and fabricated a polysulfone hybrid nanocomposite matrix which exhibited higher porosity and hydrophilicity. The resulting membrane also showed signicantly enhanced water permeability and a decreased substrate structural parameter compared to the original polysulfone support membrane. 2.2.5 Nano-CaCO 3 . CaCO 3 nanoparticles are among the most widespread, industrialized and inexpensive nanomaterials. The mature production technology of CaCO 3 nanoparticles is due to their surface polarity and their readily tunable particle size in production processes. 130 Thus, it is possible for CaCO 3 nanoparticles to meet the heavy demand of large scale production of polymeric membranes and play the role of sacricial components. Wu et al. 40 blended CaCO 3 nanoparticles into a polysulfone substrate and then dissolved it with hydrochloric acid to increase the porosity of the support layer. The higher porosity of the fabricated FO membrane led to a smaller structural parameter and, thus, decreased ICP, which is advantageous to enhance water permeability and reduce mass transfer resistance.
Moreover, CaCO 3 is a good biomineral which also has high hydrophilicity due to its ionic bonds and hydrogen bonds with water molecules. Inspired by bio-mineralization processes in nature and the intrinsic hydrophilicity of minerals, inorganic mineral coating is an alternative method to impart hydrophilicity to a support layer without sacricing other functional properties. Biomineralization can form a stable organic-inorganic hybrid structure by the interactions between certain organic and inorganic ions. Qing et al. 41 coated CaCO 3 continuously and uniformly throughout a polyethersulfone support layer. Resulting from the intrinsic hydrophilicity of the CaCO 3 coating, the hydrophilicity of the support layer was signicantly increased and the structural parameter of the membrane was reduced to a similar value to those of cellulose-based membranes, with unchanged mechanical strength.
Metal/metal-oxide nanoparticles
For decades, metal nanoparticles and metal oxide nanoparticles have been widely used to address various environmental issues, especially in water desalination and regeneration. [131] [132] [133] Metal nanoparticles and metal oxide nanoparticles are known to be environmentally friendly, stable to UV irradiation, antibacterial and highly hydrophilic. 134 Due to the higher affinity of metal oxides to water, membranes incorporating metal and metal oxide nanoparticles are more hydrophilic than pure polymeric membranes. 135 Additionally, some metal oxide nanoparticles have accessible reactive anchoring sites, such as hydroxyl and silanol groups, for further surface reactions to facilitate interactions with the polymer host matrix.
136 Also, some metal and metal-oxide nanoparticles have unique properties, such as antibacterial properties and photochemical catalysis, which aid FO membrane processes.
2.3.1 Ag nanoparticles. Ag nanoparticles have the most comprehensive antibacterial spectrum; they are effective against various aquatic microorganisms, such as bacteria, fungi, and algae. 137 Ag nanoparticles can destroy the cytomembrane and impede the metabolism of microorganisms by releasing dissolved Ag or producing active oxygen.
138 Introducing Ag nanoparticles into membranes to lter water rich in microorganisms has been suggested as a method to alleviate the biological contamination resulting from blooms of microorganisms, resulting in innocuous and pollution-free water sources. [139] [140] [141] The antibiofouling properties of Ag nanoparticles are durable. Their dissolving and releasing behaviors can be well tuned compared to those of Ag ions. Hence, Ag nanoparticles have gained increasing focus for their excellent antibiofouling properties.
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Ag nanoparticles have been incorporated into microltration, 138, 143 ultraltration, 144, 145 nanoltration 146 and reverse osmosis 147 membranes by different methods, such as surface modication, blending and in situ interfacial polymerization. Subsequently, Liu et al. 148 fabricated Ag hybrid nanocomposite nanoltration and FO membranes by an LbL assembly method. The assembly of Ag nanoparticles in the membranes did not produce negative effects on the fabricated membrane. Also, even at a low concentration of Ag nanoparticles, the membrane performance in separation processes was signicantly enhanced. Furthermore, the antibiofouling properties of the resulting Ag nanocomposite membranes were also greatly improved against both Grampositive Bacillus subtilis and Gram-negative Escherichia coli.
2.3.2 TiO 2 nanoparticles. TiO 2 nanoparticles are one of the most promising metal oxide nanoparticles due to their high hydrophilicity and excellent photocatalytic properties with perfect mechanisms. 149, 150 As an acknowledged photocatalytic material, TiO 2 has been extensively used in disinfection and decomposition applications; these characteristics also make TiO 2 a promising anti-fouling modier. 25, 151 Moreover, due to the chemical stability, controllable morphology, surface properties, photocatalytic function and antifouling performance of TiO 2 nanoparticles, they are useful in membrane processes. [152] [153] [154] [155] [156] Numerous studies regarding the introduction of TiO 2 nanoparticles into membranes have conrmed its viability and effectiveness, leading not only to enhanced hydrophilicity and water permeability, but also to sterilization and antibiofouling abilities. 151, 157, 158 The inherent photocatalytic properties of TiO 2 aid in enhancing the antifouling performance of membranes 159 by disintegrating macromolecular contaminants. Amini's group 4 introduced TiO 2 nanoparticles into a polysulfone support layer to reduce the structural parameter and alleviate the ICP of FO membranes. The resulting support layer exhibited both high hydrophilicity and porosity with the presence of TiO 2 nanoparticles.
However, the performance of hybrid nanocomposite membranes is restricted by nanoparticle agglomeration. Studies have been performed to enhance the consistency of TiO 2 nanoparticles in the polymeric matrix and produce a uniform surface. Maryam Amini et al. 160 used a silicane coupling agent to achieve chemical modication of TiO 2 and incorporated it into a polyamide active layer by in situ interfacial polymerization. The results indicated that the introduction of modied TiO 2 signicantly changed the surface properties of FO membranes and mitigated the agglomeration behavior. The hybrid nanocomposite FO membranes showed high water ux and stable rejection rates at all TiO 2 loading concentrations compared with the original membrane.
Effects of modification methods on FO membrane performance
In recent years, with the development of membrane separation techniques in water treatment and other elds, the requirements of membrane function, such as permeability, selectivity, anti-pollution, chemical and thermal stability, are becoming increasingly strict. Traditional membrane fabrication methods have difficulty meeting these application requirements. Therefore, researchers have begun to turn their focus to developing new composite membranes and modication methods to obtain satisfactory properties. Membrane modication is considered to be an effective method to improve the comprehensive performance of membranes. The modication methods can be divided into chemical modication and physical modication. Chemical modication methods include LbL assembly, graing, and hydrolysis. Physical modication methods include blending methods, surface coating, and in situ interfacial polymerization. In this section, four main methods, including blending, in situ interfacial polymerization, surface graing and LbL assembly, are listed and analyzed. Fig. 3 provides a schematic of these modication methods of nanocomposite membranes.
Blending
Blending is a simple and common method to prepare hybrid membranes that can be used with a large range of materials; it is one of the most important methods to modify polymeric membranes. The introduction of nanomaterials enhances the mechanical strength of membranes and prevents collapse and structure destruction of the porous support layer. The blending membranes are typically obtained by mixing an inorganic dispersed phase in a continuous polymeric matrix. Blending nanomaterials such as TiO 2 nanoparticles, 4,14 CNTs, 30 porous zeolite nanoparticles 10 and GO nanosheets 35 into the support layer of FO membranes has been attempted, and the resulting membranes exhibited brilliant performance. Especially, these nanomaterials enhance the physical and structural characteristics of the support layer, which leads to increased hydrophilicity and/or porosity.
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Blending nanomaterials can signicantly enhance membrane performance, such as water ux, rejection, stability, antifouling, and catalytic activity, in FO membrane separation processes;
161-163 meanwhile, the adverse impact of ICP is mitigated. 164 The size, dispersity, morphology and compatibility of the nanomaterials affect the performance of the fabricated membrane. Preparing membranes by blending is a simple process which is easy to operate, and the concentration of the components can be readily controlled. However, the inorganic components, especially nanoparticles, can readily aggregate. For the purpose of preventing inorganic nanomaterials from agglomerating and enhancing the consistency between the organic and inorganic phases, it is signicant to modify the inorganic nanomaterials so as to obtain stronger interactions with the polymeric matrix. Additionally, incorporation of a solubilizing agent or crosslinking agent can enhance the consistency and modify the defects of the hybrid nanocomposite membranes. GO, 33 CNTs, silica, 10 and many other nanomaterials have been used in blending methods to synthesize FO membranes. Studies conrmed that blending nanomaterials into the support layers of FO membranes can effectively enhance water ux without reducing rejection, which results from the higher hydrophilicity and porosity conferred by the nanoadditive. In addition, the polymer layer can also benet from the physical mechanics, magnetism, optics and conductivity, and catalytic and biomedical properties of doped inorganic nanoparticles.
In situ interfacial polymerization
In situ interfacial polymerization is dened as uniformly mixing inorganic particles with organic monomers and inducing monomer polymerization under appropriate conditions. 156 The fabricated ultrathin lm serves as the active layer of an asymmetric membrane. In situ interfacial polymerization methods include suspension polymerization, dispersion polymerization, emulsion polymerization and polymerization between the functional groups on the inorganic particles and the monomer so as to immobilize the polymer phase network structure as a chemical bond. In situ interfacial polymerization is convenient to operate; however, it does have challenges, such as facile agglomeration of the inorganic nanoparticles and uneven dispersion. Studies have conrmed that hybrid active layers fabricated by introducing nanomaterials in a monomer solution signicantly improve membrane performance, such as water ux, solute rejection, catalytic activity, specic area, antifouling and thermal stability in membrane separation 21 into the polyamide active layer. This corresponds to the concept of nanocomposite membranes that incorporate nanomaterials into the active layers of conventional pure polymeric membranes.
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A conict in FO separation processes is that solute rejection cannot increase simultaneously with water ux; this is called the trade-off effect. That is to say, a membrane with high water permeability usually has low rejection. Therefore, preparing FO membranes with both high ux and high solute rejection is a great challenge. Introducing inorganic nanomaterials in polyamide active layers via in situ interfacial polymerization is an effective solution of the trade-off effect which can not only improve the hydrophilicity, but can also impart antifouling properties to a membrane. The inorganic nanoparticles doped in the polyamide layer can increase the water ux of the membrane by providing water channels directly or by changing the network structure of the membrane. Therefore, the doping of porous inorganic nanomaterials into polyamide active layers has received focus to improve the separation performance of membranes.
Surface graing
Surface graing involves introducing inorganic nanoparticles or organic functional groups onto the surface of membranes through various methods, such as photoinitiation and induction by radiation. Free radical active sites are produced on the polymeric molecular chain of the membrane surface through a series of pretreatments, and the radical ion is then polymerized with the modied monomer. Analogous methods to introduce inorganic nanomaterials into polymeric membranes, such as blending and depositing, face a common problem: the binding forces between the nanomaterials and the polymeric membrane are so weak that the nanomaterials can be readily separated from the membrane. Connecting inorganic nanomaterials with the polymeric membrane by chemical bonds, such as surface graing, is a good solution to enhance the immobility of hybrid nanocomposite membranes. 166 This suggests that surface graing is an ideal method to fabricate immobile and durable hybrid nanocomposite membranes. Zhong et al. 167 fabricated nanoltration membranes using sponge-like sulfonated polyphenylenesulfone support layers with positive charge via a UV-initiated graing method. However, only photosensitive polymers can be used as support layer materials for UV graing, which impedes the development of this method. Hegab et al. 31 prepared hybrid nanocomposite FO membranes by surface graing to introduce GO on the surface of a polyamide active layer.
Layer-by-layer (LbL) assembly
LbL assembly is used to alternately form oppositely charged polyelectrolyte thin lms on a matrix which are connected by electrostatic absorption and van der Waals forces. 36, 168 LbL assembly has received focus because it is a convenient and versatile method to form active layers for high-performance nanoltration, 169, 170 reverse osmosis and FO membranes.
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LbL is a highly versatile membrane preparation technology with good thermal stability, high solvent resistance, low operating expense, etc. [173] [174] [175] Nanomaterials can be introduced into the layered structure of LbL assembly membranes exibly with tunable loading components and structures. LbL assembly show great potential in industries such as water treatment and food processing. 5, 176 Employing LbL assembly, Liu et al.
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prepared Ag hybrid nanocomposite FO membranes. They assembled Ag nanoparticles on the surfaces of the FO membranes; at low loading concentrations of Ag nanoparticles, there was no negative impact on the membrane performance. The separation performance of the fabricated LbL assembly hybrid nanocomposite membranes was no less than those of most nanoltration-like FO membranes. Furthermore, the Ag hybrid nanocomposite FO membranes demonstrated brilliant antibiofouling characteristics against both Gram-positive Bacillus subtilis and Gram-negative Escherichia coli. Hegab et al. 32 prepared polydopamine/GO composites and introduced them onto the support layers of FO membranes via LbL assembly. The polydopamine played the role of reducing GO and bonding it onto the membrane surface via self-assembly and oxidative polymerization. The fabricated membrane possessed enhanced water ux and solute rejection as well as excellent antibiofouling performance.
Discussion and outlook
With the continuing development and progress in nanotechnology, novel methods have inspired the design and production of multifunctional hybrid nanocomposite FO membranes.
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Introducing inorganic nanomaterials can result not only in excellent separation performance but also in new functions that are inherited from the inorganic nanomaterials. Brand new insight has been provided to create the next generation of high performance FO membranes with antifouling properties, low ICP and decreased trade-off effects. Organic-inorganic hybrid nanocomposite FO membranes, in contrast with conventional polymeric membranes, are conrmed to have great promise to overcome the bottleneck of ICP. However, the applications of these nanocomposite FO membranes have yet to expand beyond the laboratory. Despite a series of excellent enhancements in performance, successful practical applications and commercialization are rare. Some challenges still exist for the large scale industrial application of FO membranes, including creating suitable draw solutes and building integrated sustainable FO systems. Draw solution is one of the key factors of FO processes which distinguishes FO from other pressuredriven membrane techniques. An ideal draw solution must furnish a high osmotic gradient and possess efficient recovery with low energy consumption. Furthermore, a system for water purication and draw solution reuse is also necessary. One example is an FO-ultraltration (FO-UF) series for desalination with an FO membrane as the main component for salt rejection and a UF membrane as a post processing method for regeneration of the draw solution.
178 It has been suggested that more research should be focused on integrated FO systems, as they may be an important factor in the large scale industrial application of FO in the future.
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Regarding hybrid nanocomposite FO membranes, the main challenges include the agglomeration of nanomaterials, low ltration efficiency caused by ICP, and the high cost of nanomaterials. The commercialization of nanocomposite membranes for water treatment is still in its infancy. Therefore, more studies on organic-inorganic hybrid nanocomposite FO membranes are needed to achieve better performance and overcome the barriers that limit FO. This section discusses the challenges facing the practical application of nanocomposite FO and some advanced nanotechnology in the membrane eld that is benecial to FO. First, agglomeration is one of the main obstacles to introducing nanoparticles in polymeric membranes; it leads not only to uneven distribution in the membrane but also to decreased separation abilities by changing membrane structures, such as surface morphology and porosity. Aggregation is a common phenomenon that occurs during the preparation of hybrid nanocomposite membranes and impedes the homogeneous dispersion of nanomaterials in the polymeric matrix. Many efforts have been made to alleviate this phenomenon, among which surface modication of nanomaterials and optimizing the fabrication conditions are conventional methods that have achieved improved dispersion of nanomaterials.
In addition to surface modication and technology optimization, multi-component composite nanomaterials 182 have become increasingly popular in membrane preparation due to the various options and multiform characteristics provided by different nanomaterial combinations. For example, GO nanosheets were employed to stabilize Ag nanoparticles and enhance the contact between Ag and bacteria. 181 Ag nanoparticles were dispersed uniformly on the surface of GO nanosheets as an FO membrane modier to prevent their agglomeration. Fig. 4 shows a schematic of the synthesis route of Ag-decorated GO nanosheets, and HR-TEM images of the fabricated nanosheet are shown in Fig. 5 . Similarly, Ghanbari et al. 165 fabricated a TiO 2 /HNTs composite nanomaterial via a one-step solvothermal method as an additive for FO membranes. Regarding ltration performance, the hybrid nanocomposite membrane showed excellent water ux and solute rejection. Due to the hollow tubiform structure of HNTs and the addition of antifouling and photochemical catalysis abilities from TiO 2 , TiO 2 / HNTs is a benecial modier. These composite nanomaterials are promising in improving the antifouling behavior of polymeric FO membranes for organic pollution separation. Fig. 6 illustrates the TiO 2 loading on the surface of the HNTs, and Fig. 7 shows transmission electron microscopy (TEM) images of TiO 2 /HNTs with different scale bars.
Second, some nanomaterials can provide effective water transformation channels, such as CNTs. Recent computer simulation studies have indicated the high selectivity and water ux of CNTs; thus, they are ideal candidates for adsorption and separation applications. 183, 184 However, blending a small quantity of CNTs and similar nanomaterials cannot ensure that water molecules are induced to move only through the nanotubes. In order to make full use of the water transport channels of CNTs, for the rst time in 2004, researchers incorporated an array of aligned CNTs across a polymer matrix vertically and compactly to form a well-organized nanoporous membrane structure.
185 Fig. 8(A) shows a SEM micrograph of the as-grown MWCNTs. In Fig. 8(B) , the ideal membrane structure diagram is presented. The lacunes between the CNTs are padded with a continuous polymer matrix, and the generally closed ends of the CNTs are etched open. Fig. 8 (C) reveals the cleaved edge of the freestanding CNT membrane. Aer that, researchers began studying the mechanism of liquid transport through nano-sized channels. It was found that in the cavities of CNTs, the quantity of liquid transport was 1000 times greater than predicted. A microgeometry theory was proposed regarding the use of aligned CNTs 186 for water treatment, 187 and an approach to establishing an impeccable membrane system was provided.
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Among the studies on CNT-based nanocomposite membranes in the water treatment eld, the aligned CNTs matrix is believed to be a potential candidate as a support layer of FO membranes. Its superpermeable property has great promise in increasing the water ux of FO membranes as well as decreasing ICP.
Third, blending modication and surface modication are two main methods to introduce inorganic nanoparticles into organic polymer membranes. 189, 190 However, nanomaterials cannot be strongly anchored on the surface of the membranes by surface modications such as coating. The nanomaterials may be lost in the ltration process, which not only affects the membrane performance, but can also readily cause secondary water pollution. Although blending nanomaterials with casting solution can mitigate the loss of nanomaterials, there is an inherent dilemma that most nanomaterials are embedded within the polymeric matrix when the lm is formed. This phenomenon decreases the modication efficiency severely, and the advantage of the nanomaterial surface structure cannot be fully exploited. Based on the above problems, our group 191 proposed a "blending-migration induced by a magnetic eld" route to prepare nanocomposite membranes. We induced migration of magnetic nanomaterials to the top surface of the lm using a magnetic eld and fabricated an ultraltration membrane with hydrophilicity as well as antimicrobial and autocatalytic performance. Herein, a Fe 3 O 4 /GO-poly(vinylidene uoride) hybrid ultral-tration membrane was fabricated via a combination of magnetic eld-induced casting and a phase inversion technique. Fe 3 O 4 /GO nanocomposites migrated toward the top surface of the membrane due to magnetic attraction and thereby rendered the surface highly hydrophilic, with robust resistance to fouling. Fig. 9 illustrates the main mechanism of GO migration under a magnetic eld. Fig. 9(A) shows the procedure of the migration, while Fig. 9(B) shows the nal results with/without a magnetic eld. This technique is promising and useful for the preparation of support layers of FO membranes. The gradient distribution of nanomaterials in the polymeric matrix can enhance the utilization ratio of the nanomaterials and mitigate ICP effectively. Schematic of the target membrane structure. With a polymer embedded between the CNTs, a viable membrane structure can be readily produced, with the pore being the rigid inner-tube diameter of the CNT. (C) The cleaved edge of the CNT-PS membrane after exposure to H 2 O plasma oxidation. The PS matrix is slightly removed to contrast the alignment of the CNTs across the membrane. Scale bar, 2.5 mm. Finally, some negative critiques indicate that the nanomaterials commonly used in membrane preparation have high intrinsic cost, such as TiO 2 , Ag nanoparticles, and GO, related to their raw materials and preparation technologies. To date, there have been numerous laboratory-scale studies on organic-inorganic hybrid nanocomposite FO membranes. However, due to their cost and some other factors, very little large scale production or industrial application has been practiced. Therefore, developing low-cost nanomaterials and cost-effective FO membranes with execellent performance is a future goal. Cost-effective large scale membrane fabrication includes the supplies of nanomaterials, additional procedures for nanomaterial incorporation, and monitoring of the long-term stability of membranes under practical application conditions. The less expensive ZnO, CaCO 3 etc. are seemingly more economically feasible substitutes. More studies are still needed to reduce the expense of nanomaterials and identify new nanomaterials with lower production costs.
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